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SELF-ALIGNED GATED CARBON NANOTUBE FIELD EMITTER 
STRUCTURES AND ASSOCIATED METHODS OF FABRICATION 

FIELD OF THE INVENTION 

[0001] The present invention relates generally to the field of nanotechnology. 
More specifically, the present invention relates to self-aligned gated carbon nanotube 
field emitter structures and associated methods of fabrication. 

BACKGROUND OF THE INVENTION 

[0002] Carbon nanotubes are currently being considered as electron emission 
sources in, for example, flat panel field emission display ("FED") applications, 
microwave power amplifier applications, transistor applications and electron-beam 
lithography applications. The carbon nanotubes are typically configured in a triode 
field emitter structure, including a plurality of carbon nanotubes disposed within a 
plurality of micro-cavities that are arranged in an array, a common anode or gate 
electrode for modulating an emission (tunneling) current, a common dielectric layer 
and a common cathode electrode. The carbon nanotubes are typically disposed within 
the plurality of micro-cavities through an arc discharge method, a thermal chemical 
vapor deposition ("CVD") method or a laser ablation method. 

[0003] Triode field emitter structures have typically been fabricated using the 
Spindt process, which utilizes a metal, such as molybdenum (Mo), or a semiconductor 
material, such as silicon (Si), to form a plurality of regularly-spaced micro-tips. In the 
resulting Spindt field emitter array ("FEA"), electrons are emitted from the plurality 
of micro-tips when a relatively strong electric field is applied to the micro-tips 
through gates. The emitted electrons are accelerated towards the gate electrode, to 
which a voltage of, for example, a few to several hundred volts is applied. As a result 
of the relatively high gate voltage applied, residual gas particles in the surrounding 
vacuum collide with the emitted electrons and are ionized. The ions bombard the 
micro-tips, potentially damaging them. Likewise, the micro-tips are subject to 
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pollution and deterioration, degrading the performance of the FEA and limiting its 
operating life. Because of these problems, the use of carbon nanotubes, which have a 
relatively high chemical stability, a relatively high aspect ratio and relatively high 
current carrying capability, is preferred as a collective electron emission source. For 
example, a carbon nanotube may emit electrons at an electrical field of 1 V/fun or 
less. 

[0004] Carbon nanotube FEAs have been fabricated using a modified Spindt- 
like process. For example, U.S. Patent Application No. 09/754,148 (U.S. Patent 
Application Publication No. 2001/0007783) and related U.S. Patent No. 6,339,281 
disclose a method for fabricating a triode field emitter structure including the steps of 
(a) forming a separation layer on a gate electrode by performing slant deposition in a 
structure in which a cathode electrode, a gate insulation layer and the gate electrode 
are sequentially formed on a cathode glass substrate, a gate opening is formed on the 
gate electrode and a micro-cavity corresponding to the gate opening is formed in the 
gate insulation layer; (b) forming a catalyst layer on the cathode electrode within the 
micro-cavity, the catalyst layer acting as a catalyst in growing carbon nanotubes; (c) 
performing slant deposition on the catalyst layer, thereby forming a non-reactive layer 
for preventing carbon nanotubes from growing on the catalyst layer outside the micro- 
cavity; (d) growing at least one carbon nanotube on the catalyst layer within the 
micro-cavity; and (e) removing the separation layer. The dielectric layer is formed by 
depositing Si0 2 or Si 3 N 4 to a thickness of 5-10 fim, and the diameter of the gate 
opening is 5-10 /mi. The catalyst layer is formed by depositing nickel (Ni) or cobalt 
(Co), and the non-reactive layer is formed from at least one material selected from 
among chromium (Cr), tungsten (W), aluminum (Al), Mo and Si. The carbon 
nanotubes are grown by an arc discharge method, a thermal CVD method (using a 
transition metal, such as Ni or iron (Fe), or a silicide, such as CoSi 2 , as a catalyzer) or 
a laser ablation method. 

[0005] Conventional carbon nanotube FEAs fabricated using a modified 
Spindt-like process, however, suffer from several problems. The first problem is that 
each micro-cavity contains a tangled mass of carbon nanotubes. This tangled mass of 
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carbon nanotiabes behaves as a block conduce, leading «o significan, e.ec«ric field 
shielding. PreferaMy, a field emirter shuchue includes a p.uramy of sharp, pomrtke 
Cecnon emission sources (each consisting of on.y one or a few carbon nanohmes), 
rather .ban a block conduct. The second problem is ft* «he carbon nanohabes ace 
generally, bu, no, universal ahgned perpendiculat «o the associafcd gate. Under 
erratic forces, fte off-angl. carbon nanohabes may be displaced and short ,o the 
gate. Likewise, .he off-angle carbon nanotiabes may resu,, in emission ,n«o the gafc. 
Preferably, aU of .be carbon nanonabes are a.igned substantially perpendtcular • .he 
associa,ed gate, eliminafing fltese shorting and emission in.o me gare problems. 

[0006] Thus, wha, is needed is a method for fabrieating a self-ahgned gated 
(tri „de) carbon nanombe field emuter sttucture, mc.uding a plummy of sharp, pouti- 
L electron emission sources (each consisting of only one or a few carbon 
nanotubes). What is also needed is a memod mat provides carbon nanombes ma, are 
aHgrcd subtly perpendicular to me associated gate, eUminating fte snorting and 
emission in,o me ga,e problems described above. Finally, wha, is needed rs a memod 
mat is relatively simple, cost-effective and efficient 

BRIEF SUMMARY OF THE INVENTION 

,0007] In various embodiments, the present invention provides a memod for 
fabrieating a self-ahgned ga.ed (triode) carton nanombe field emitter stincture 
mduding a plurality of sharp, poim-tike election emission sources (each constating o 
„„,y one o, a few carbon nanohabes). The memod of the presen, mvention al o 
provides carbon nanonabes ma, are a.igned substantially pedicular 
associated gate, ehminating me shorting and emission in,o me gate problems 
described above. FinaUy, me memod of me present invention is relahvdy srmp e, 
cost-effective and efficient and provides an enabling nanotechnology for use m, for 
example, x-ray imaging app.ications, lighting and light emission apportions fia. 
pane, field emission display ("FED") applications, microwave power amphfie, 
appfications, transistor applications and e.ec«ron-beam lithography applications. 
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.0008] in one embodiment of the present invention, a method for fabricating a 
self-aligned gated carton nanotnbe field emiber sttncture includes provtdtng a 
estate, wherein the subsuate has a surface; depositing a dielectric matenal on the 
surf ace of the substrate, wherein the dielectric materia, has a surface; and deposing a 
conductor layer on the surface of the dielectric materia,, wherein the conductor ,ayer 
bas a surface. The metitod also includes selectively etching the conductor layer to 
form an opening in the conductor layer and se,ectively etching the die.ectric matenal 
,„ form a micto-cavity in the die.ectric material. The method fiirther tnclu es 
depositing a base .aye, structure in the tnicto-cavi* adjacent to the surface o the 
substrate, wherein me base ,ayer sbucbure has a surface, and wherein the base layer 
structure has a substantially conica. shape. The method sfi.l further tnctudea 
deposifing a ca*s« on a porfion of the surface of the base .ayer structure, where*. 
th e catalyst is suitable for growing a, leas, one carbon nanotnbe. The method sttll 
father includes app,ying an electrica, po«e„tia. ,o the substrate and the conduct 
fayer, wherein the e.ectric.1 potentia, gencta.es a plurality of electrical field tares that 
are deflected around the surface of the ha* layer stnacture, and wherein die pluraltiy 
of electrica, field lines have a sbength that is greatest in a direction substanbally 
perpendicular to the surface of the substrafc. Finally, the mefliod includes growing a, 
teas, one carbon nanotube from the catalyst in the presence of the plural,* of 
dectrica, fie,d lines, wherein me a, leas, one carton nanotube is grown in a d.rec„o„ 
substantially petpendicular to the surface of the subsume. 

[0009] in another embodiment of me present invention, a method for 
fabricating a triode carbon nanotube field emitter sttucture includes providing a 
cathode decode, wherein the cathode electrode has a surface; depositing a dielectnc 
Wr on the surface of the cathode electrode, wherein the dielectric layer has a 
surface; and deposifing a gate eleobode on the surface of the dielectric layet, wheretn 
.he gate electrode has a surface. The method a,so includes selectively etching the ga e 
electrode bo form an opening in fire ga* electrode and selectively etching .he 
dielectric ,ayer bo form a nricro-cavtty in the dielectric layer. The method further 
tachdea deposifing a conductive base layer attucbtre in the miero-cavity adjacent <o 
.be surface of tire cathode e.ectiode, wherein the conductive base layer structure has a 
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surface, and wherein the conductive base layer structure has a substantially corneal 
shape The method still further includes depositing a catalyst on a portion of the 
surface of the conductive base layer structure, wherein the catalyst is suitable for 
growing at least one carbon nanotube. The method still further includes applying an 
electrical potential to the cathode electrode and the gate electrode, wherein the 
electrical potential generates a plurality of electrical field lines that are deflected 
around the surface of the conductive base layer structure, and wherein the plurality of 
electrical field lines have a strength that is greatest in a direction substantially 
perpendicular to the surface of the cathode electrode. Finally, the method includes 
growing at least one carbon nanotube from the catalyst in the presence of the plurality 
of electrical field lines, wherein the at least one carbon nanotube is grown in a 
direction substantially perpendicular to the surface of the cathode electrode. 

[0010] In a further embodiment of the present invention, a self-aligned gated 
carbon nanotube field emitter structure is fabricated by a process that includes 
providing a substrate, wherein the substrate has a surface; depositing a dxelectnc 
material on the surface of the substrate, wherein the dielectric material has a surface; 
and depositing a conductor layer on the surface of the dielectric material, wherein the 
conductor layer has a surface. The process also includes selectively etching the 
conductor layer to form an opening in the conductor layer and selectively etching the 
dielectric material to form a micro-cavity in the dielectric material. The process 
further includes depositing a base layer structure in the micro-cavity adjacent to the 
surface of the substrate, wherein the base layer structure has a surface, and wherein 
the base layer structure has a substantially conical shape. The process still further 
includes depositing a catalyst on a portion of the surface of the base layer structure, 
wherein the catalyst is suitable for growing at least one carbon nanotube. The process 
still further includes applying an electrical potential to the substrate and the conductor 
layer wherein the electrical potential generates a plurality of electrical field lines that 
are deflected around the surface of the base layer structure, and wherein the plurality 
of electrical field lines have a strength that is greatest in a direction substantxally 
perpendicular to the surface of the substrate. Finally, the process includes growing at 
least one carbon nanotube from the catalyst in the presence of the plurality of 
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electrical field lines, wherein the at least one carbon nanotube is grown in a direction 
substantially perpendicular to the surface of the substrate. 

[001 1] In a still further embodiment of the present invention, a triode carbon 
nanotube field emitter structure includes a cathode electrode, wherein the cathode 
electrode has a surface; a dielectric layer disposed adjacent to a portion of the surface 
of the cathode electrode, wherein the dielectric layer has a surface, and wherein an 
interior portion of the dielectric layer defines a micro-cavity; and a gate electrode 
disposed adjacent to the surface of the dielectric layer, wherein the gate electrode has 
a surface, and wherein an interior portion of the gate electrode defines an opening 
substantially aligned with the micro-cavity defined by the interior portion of the 
dielectric layer. The structure also includes a conductive base layer structure disposed 
adjacent to a portion of the surface of the cathode electrode within the micro-cavity 
defined by the interior portion of the dielectric layer and substantially aligned with the 
opening defined by the interior portion of the gate electrode, wherein the conductive 
base layer structure has a surface, and wherein the conductive base layer structure has 
a substantially conical shape. The structure further includes at least one carbon 
nanotube disposed adjacent to a portion of the surface of the conductive base layer 
structure, wherein the at least one carbon nanotube is substantially perpendicularly 
aligned with the surface of the cathode electrode. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] The aspects and advantages of the self-aligned gated carbon nanotube 
field emitter structure and associated methods of fabrication of the present invention 
will become apparent by describing in detail preferred embodiments thereof with 
reference to the attached drawings, in which: 

[0013] Figure 1 is a sectional view of a portion of a conventional triode 
carbon nanotube field emitter structure, illustrating a tangled mass of carbon 
nanotubes behaving as a block conductor; 
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[0014] Figure 2 is a series of sectional views illustrating a conventional 
method for growing field-aligned carbon nanotubes; 

[0015] Figure 3 is a sectional view of a portion of one embodiment of the 
self-aligned gated (triode) carbon nanotube field emitter structure of the present 
invention, illustrating the first step in the fabrication method of the present invention; 

[0016] Figure 4 is another sectional view of the portion of the self-aligned 
gated (triode) carbon nanotube field emitter structure of Figure 3, illustrating the 
second step in the fabrication method of the present invention; 

[0017] Figure 5 is a further sectional view of the portion of the self-aligned 
gated (triode) carbon nanotube field emitter structure of Figure 3, illustrating the third 
step in the fabrication method of the present invention; and 

[0018] Figure 6 is a still further sectional view of the portion of the self- 
aligned gated (triode) carbon nanotube field emitter structure of Figure 3, illustrating 
the fourth step in the fabrication method of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

[0019] Referring to Figure 1, as described above, a conventional carbon 
nanotube field emitter array ('TEA") 10 fabricated using a modified Spindt-like 
process suffers from several problems. The first problem is that each micro-cavity 12 
of the carbon nanotube FEA 10 contains a tangled mass of carbon nanotubes 14. This 
tangled mass of carbon nanotubes 14 behaves as a block conductor. Preferably, a 
field emitter structure includes a plurality of sharp, point-like electron emission 
sources (each consisting of only one or a few carbon nanotubes), rather than a block 
conductor. The second problem is that the carbon nanotubes are generally, but not 
universally, aligned perpendicular to the associated anode or gate electrode 16 (a 
dielectric layer 18 and a cathode electrode 20 are also illustrated). Under electrostatic 
forces, the off-angle carbon nanotubes may be displaced and short to the gate. 
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Likewise, the off-angle carbon nanotubes may result in emission into the gate. 
Preferably, all of the carbon nanotubes are aligned substantially perpendicular to the 
associated gate, eliminating these shorting and emission into the gate problems. 

[0020] Referring to Figure 2, a conventional method 30 for growing field- 
aligned carbon nanotubes (see H. Dai, Appl. Phys. Lett., Vol. 79, No. 19, Nov. 5, 
2001) includes depositing a poly-Si layer 32 or the like on the surface of a substrate 
34, such as quartz or the like. This poly-Si layer 32 is then etched or otherwise 
selectively removed to form a plurality of poly-Si sections 36. Alternatively, the 
plurality of poly-Si sections 36 may be selectively deposited on the surface of the 
substrate 34. A catalyst layer 38 suitable for growing at least one carbon nanotube is 
then selectively deposited on each of the poly-Si sections 36 and a plurality of 
electrodes 40 are selectively disposed on the poly-Si sections 36, adjacent to a portion 
of the catalyst layer 38. When a voltage is applied to the electrodes 40, at least one 
carbon nanotube 42 is grown from the catalyst layer 38. This at least one carbon 
nanotube 42 is substantially aligned with the field generated by the electrodes 40. 
This method 30 for growing a field-aligned carbon nanotube may be used in 
conjunction with a Spindt-like process to fabricate a self-aligned gated carbon 
nanotube field emitter structure. 

[0021] Referring to Figure 3, in one embodiment of the present invention, a 
method for fabricating a self-aligned gated carbon nanotube field emitter structure 
includes selecting a suitable substrate 50, forming a common cathode electrode. The 
substrate 50 may include at least one metal, such as Mo, Pt, Al, Ti or the like, or at 
least one doped semiconductor material, such as Si (doped amorphous silicon, doped 
poly-silicon or doped crystalline silicon) or the like. The substrate 50 may also 
include a metal deposited on a glass, such as Mo, Pt, Al, Ti or the like deposited on a 
glass, or a doped semiconductor material deposited on a glass, such as Si (doped 
amorphous silicon, doped poly-silicon or doped crystalline silicon) or the like 
deposited on a glass. A dielectric material 52, such as a metal oxide, a metal nitride 
or a combination thereof, is then deposited or grown on the surface of the substrate 
50, forming a common dielectric layer. In one embodiment, the metal oxide is one of 
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SiO, AhO, and a combination thereof. In another embodiment, the meta. nitttde ts 
SiN,', where 0.5 **.5, or me .ike. Non-limiting examples of snoh mera< nitndes 
taclude SiN and S,,N.. The dielectric materia. 52 may be deposit on the surface of 
to substtate 50 using, for examp.e, p.asma-enhanced chemical vapor deposition 
(PECVD) or low-pressure chemical vapor deposition (LPCVD). The dtelectnc 
material 52 may he grown on the surface of the substrate 50 using, for examp.e, the 
thermal oxidation of a si.icon wafer. A conductor layer 54 is then depostteft on the 
surf ace of the die,ec«nc materia. 52 using, for examp.e, sputtering, evaporation or 
***** fottning a common anode or gate e.ecttode, referred to as tire gate 
Uyer" The conductor layer 54 includes a metal, such as Mo, Pt, Al, Tt, a 
combination thereof or the like, or a doped semiconductor materia!, such as S, (doped 
amorphous silicon or doped poly-silicon) or the like. 

[0022] Next, a gate structure and a sacrificial layer are formed. Referring to 
Rgure 4, the conductor layer 54 is lithographically patterned and etched and the 
dielectric materia. 52 is we, etched, forming a plurality of micro-cavities 56 each 
having a substantially conical, cylindrical or other suirable shape with a diameter of 
between about 0.5 microns and about 3 microns. It should be noted «ha, tire shape of 
each of .he plurality of micro-cavities 56 may vary, depending upon how the 
dielectric materia, 52 U etched. A sacrificial layer 58 is then evaporated onto the 
remaining portions of the conductor layer 54. The sacrificial .ayer 58 includes a 
maul, such as Al or the .ike, a semiconductor, or an evaporated dielectnc, such as 
amorphous a.uminum oxide, amorphous sihcon oxide, amorphous silicon dtoxtde or 
.helike, or itmay simply consist of photoresist. eft on after the Hrhographic patternmg 
and etching of the conductor .ayer 54 is completed. Preferably, the saorificaUayer 58 
is evaporated onto tine remaining portions of the conductor .ayer 54 a, . 
predetermined angle while the substtate 50 is rotating a. a predetermined rotational 
speed, providing uniform coverage. 

10023] Referring to Figure 5, a conductive base layer 60 is then evaporated 
„„,„ or directionally deposited on .he surface of the sacrificial layer 58. The base 
,ayer 60 may include, for example, a metal, such as Mo, Pt, Nb or the like, or a doped 
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silicon or the like. It is important to note that a predetermined amount of the base 
layer 60 passes through the opening defined by the remaining portions of the 
conductor layer 54 at the top of each of the plurality of micro-cavities 56. Tins 
predetermined amount of the base layer 60 is deposited directly on the surface of the 
substrate 50, or, alternatively, is deposited directly on the surface of any sacrificial 
layer 58 that has been deposited in each of the plurality of micro-cavities 56. As the 
base layer 60 builds up on the surface of the sacrificial layer 58, the diameter of the 
opening defined by the remaining portions of the conductor layer 54 at the top of each 
of the plurality of micro-cavities 56 is gradually decreased. Thus, the predetermmed 
amount of the base layer 60 that passes through the opening defined by the remaining 
portions of the conductor layer 54 at the top of each of the plurality of micro-cavities 
56 is gradually decreased. Advantageously, the result is a base layer 60 that has 
selected portions with a substantially conical shape disposed within each of the 
plurality of micro-cavities 56. This shape is critical as it allows for the control of the 
shape of field lines used for the growth of field-aligned carbon nanotubes, as 
described below. 

[0024] After the base layer 60 is formed, a catalyst 62 is deposited on the 
surface of the base layer 60, including the tip of each of the substantially conical 
portions of the base layer 60 disposed within each of the plurality of micro-cavmes 
56 Preferably, the catalyst 62 is deposited on the surface of the base layer 60 at a 
substantially perpendicular angle. The catalyst 62 may include, for example, a 
material comprising at least one transition metal. In one embodiment, the transmon 
metal comprises at least one of Ni, Fe, Co and a suitable combinafcon thereof. 
Preferably, for purposes of growing single-walled carbon nanotubes (SWCNTs), the 
thickness of the catalyst 62 is equal to or less than about 1 nm. It should be noted that 
multi-walled carbon nanotubes (MWCNTs) may also be grown instead of or in 
conjunction with SWCNTs. In addition, the carbon nanotubes may be metallic-type 
carbon nanotubes (behaving as a metal does) or semiconducting-type carbon 
nanotubes (behaving as a semiconductor material does), and/or semimetalhc-type 
carbon nanotubes (behaving as a semimetal does). The carbon nanotubes have an 
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average length of between about 50 nm and about 1,000 nm. In one embodiment, .he 
carbon nanotubes have an average length of between about 100 nm and about 500 nm. 

[0025] Referring to Figure 6, the final step in the method for fabrieating a 
self-aligned gated carton nanotube field emitter structure includes removing .he 
sacrificial layer 58 (Figures 4 and 5) using, for example, we, e<chi„g or a solve* 
such as acetone or the like, applying a voltage to me common cathode electmde 50 
and the common gate electrode 54 using a vottage source and growing carbon 
nanotubes 70 from .he catalyst 62 remaining in each of the phuality of micro-cavtt.es 
56 Preferably, the voltage is between about 0.1 V and about 5 V. In one 
embodiment, the vottage induces an electric field of a. leas. 10> V/cm on the 
substantial* conical shape. The voltage used is an important parameter and depends 
upon the structure of the base layer 60, the size of me associated gate opemngs, and 
the sharpness and defmttion of the conical sttucture. The vottage resutts in a pluraltty 
of etecrric field lines 72 being established in each of the plurality of micro-cav«,es 56. 
The carbon nanotubes 70 grow in the direction of the highest field lines 72 due to 
induced dipole moment, This direction is perpendicular to the surface of the 
substrate 50 because the substantially conical portions of me base layer 60 d^posen 
within each of me plurality of micro-cavities 56 bend the field lines 72 accordingly, 
around me serially conical portions of the base layer 60. Thus, the carbon 
nanotubes 70 grow perpendicular to the surface of the substrate 50. Advantageously 
the relatively small amount of catalyst 62 used to grow the carbon nanotubes 70 
resutts in on.y one to a few (abou, 100 or less) carbon nanotubes 70 growing m each 
of the plurality of micro-cavities 56, rather than a .angled mass, resulting in a ptt.ral.ty 
of sharp, point-like electron emission sources. Likewise, each of the carbon 
nanotubes 70 is relatively snort, preventing shorting to the gate. For example, each of 
.he carton nanorubes 70 may be between abou, 0.1 microns and about 0.5 mrcrons 
long Additionally, <he substantially conical portions of the base layer 60 may be 
selectively positioned within each of the plurality of micro-eavities 56 with respect to 
,„e gate in order to shape the potential profile within each of the plurality of m,cro 
cavities 56 and optimize carbon nanotube growth. 
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[0026] In general, the carbon nanotubes 70 are grown in a chemical vapor 
deposition (CVD) tube coupled to a flowing carbon (hydrocarbon) source, such as a 
methane source or an acetylene source, at between about 700 degrees C and about 
1000 degrees C. The catalyst 62 forms a plurality of "islands" at these temperatures 
and becomes supersaturated with carbon. Eventually, the carbon nanotubes 70 grow 
from these catalyst islands. This process is well known to those of ordinary skill m 



the art. 



[0027] The self-aligned gated field emission device and triode carbon 
nanotube field emitter structures of the present invention are suitable for use in a 
variety of applications, such as x-ray imaging applications, lighting applications, flat 
panel field emission display applications, microwave power amplifier applications, 
electron-beam lithography applications and the like. 

[0028] The present invention also includes electronic systems having an 
emissive device comprising at least one triode carbon nanotube field emitter structure 
as described herein. In one embodiment, the electronic system comprises an imaging 
system, such as, but not limited to, an x-ray imaging system or the like. In one 
particular embodiment, the imaging system is a computed tomography ("CT") system. 
In another embodiment, the electronic system comprises a lighting system, such as, 
but not limited to, a fluorescent lighting system or the like. Other electronic systems 
that are within the scope of the present invention include x-ray sources, flat panel 
displays, microwave power amplifiers, lighting devices, electron-beam lithography 
devices and the like. 

[0029] Although the present invention has been illustrated and described with 
reference to preferred embodiments and examples thereof, it will be readily apparent 
to those of ordinary skill in the art that other embodiments and examples may perform 
similar functions and/or achieve similar results. All such equivalent embodiments and 
examples are within the spirit and scope of the present invention and are intended to 
be covered by the following claims. 
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